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a  b  s  t  r  a  c  t
Electrical  conduction  properties  of  SrRuO3(SRO)/BiFeO3(BFO)/SRO  and  SRO/10%  Mn-doped
BFO(BFMO)/SRO  ferroelectric  thin-ﬁlm  capacitors  are  investigated.  The  BFO  capacitors  exhibit  a
switchable  diode  effect  accompanied  by a conduction  change  from  ohmic  to space-charge-limited
current with  increasing  external  ﬁeld.  In  contrast,  the  BFMO  capacitors  show  only  an  ohmic  conduction,
arising  from  a  considerable  reduction  in  depletion  layer  width  at the  SRO/BFMO  interfaces.  These  results
suggest  that  the  diode  property  can be tuned  by Mn  content  in  the BFO  ﬁlm.  Our  study  opens  theeywords:
iFeO3
ulsed-laser deposition
n  doping
lectrical conduction
erroelectric
possibility  of  controlling  the  diode  effect  in  BFO-based  devices  by  a  dilute  Mn  doping.
©  2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.witchable diode effect
. Introduction
Resistive switching in metal oxides has attracted much atten-
ion because the phenomena can be applicable for a new-type
f non-volatile memory, the so-called resistive random access
emory (ReRAM) [1,2]. The mechanism of the resistive switch-
ng has been reported to be related to a ﬁlamentary conducting
ath [3–6] or a conducting layer in the vicinity of electrode/metal
xide interfaces [7–9]. However, the reliability and thermal stabil-
ty of data retention are critical issues to be addressed, because
he driving mechanism is accompanied by a chemical reaction
f the metal oxides [10,11] such as a thermal redox reaction
aused by Joule heating and/or an oxygen-vacancy migration
12,13].
Ferroelectrics with a reversible spontaneous polariza-
ion (Ps) are regarded as one of the promising candidates
or ReRAMs, because ferroelectric capacitors having the
etal–ferroelectric–metal structure exhibit resistive switching
henomena, where chemical reactions play a minor or almost no
ole. For the ferroelectric capacitors, the mechanism of the resistive∗ Corresponding author.
E-mail address: hmatsuo@fmat.t.u-tokyo.ac.jp (H. Matsuo).
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187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Producswitching is classiﬁed into the following two  types. One is a tun-
neling electroresistance effect observed for ultra-thin ferroelectric
ﬁlms, where its tunneling barrier height can be changed by a polar-
ization reversal [14–18]. The other is a switchable diode effect that
dominates the electrical properties of the capacitors with a thicker
ferroelectric layer. These capacitors show a diode-like behavior
and the diode polarity can be switched by a Ps reversal [19–22]. The
switchable diode effect has been reported for several ferroelectrics
such as PbTiO3 [23], Pb(Zr1−x,Tix)O3 [24,25], and BiFeO3 [26–28].
The diode effect in BiFeO3 (BFO) has been intensively stud-
ied because BFO has a large Ps up to 100 C/cm2 [29–31] and a
relatively narrow band gap (Eg = 2.7 eV) [32]. In addition to the
resistive switching phenomena, these fascinating properties enable
us to uncover a novel function resulting from a coupling between
the diode effect and the photovoltaic effect in the BFO capacitors
[20,33,34]. However, the detailed mechanism of the switchable
diode effect is still under intense debate, because the electrical
conduction in the BFO capacitors is not sufﬁciently clariﬁed.
The present study investigates the electrical conduction prop-
erties of epitaxial BFO and Mn-doped BFO (BFMO) ferroelectric
capacitors deposited by a pulsed-laser deposition (PLD) method.
We reveal that the BFO capacitors present the space-charge-limited
current (SCLC) conduction whereas the BFMO capacitors show an
ohmic current–voltage behavior. In addition, the switchable diode
effect is seen only for the BFO capacitors while both the BFO
and BFMO ﬁlms exhibit a comparable remanent polarization. We
tion and hosting by Elsevier B.V. All rights reserved.
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ddress the possibility of controlling the diode property by Mn
ontent in the ferroelectric ﬁlm of the BFO-based devices.
. Experiment
BiFeO3 (BFO) and 10% Mn-doped BFO (BiFe0.9Mn0.1O3, BFMO)
erroelectric thin ﬁlms were deposited on (0 0 1) STO single-crystal
ubstrates by a pulsed-laser deposition (PLD) method. We  used
rRuO3 (SRO) as top and bottom electrodes. The bottom SRO elec-
rode with a thickness of 100 nm was fabricated at a substrate
emperature (Tsub) of 700 ◦C under 15 mTorr O2 atmosphere with
 laser repetition rate of 1 Hz. Ferroelectric BFO and BFMO layers
ith a thickness of 250 nm were deposited at Tsub = 690 ◦C under
0 mTorr O2, and the laser repetition rate was set as 7 Hz. For the
abrication of the top SRO electrode (50 nm), the Tsub during the
eposition was lowered to 650 ◦C and the other parameters were
et to the same values as those of the bottom SRO electrode. After
he deposition process, the capacitors were annealed in air at 350 ◦C
or 1 h. In this paper, we take the upward polarization and applied
lectric ﬁeld as positive (+P  and +E) and the downward ones as
egative (−P and −E).
For the BFO capacitors, we performed an ‘electrical training’
efore the measurements of polarization–electric ﬁeld (P–E) and
urrent–voltage (I–V) properties. This treatment was  performed
o diffuse oxygen vacancies accumulated at the bottom SRO/BFO
nterface, because our previous studies have indicated that the oxy-
en vacancy accumulation in the as-annealed BFO capacitors leads
o a highly asymmetric P–E hysteresis loop [35]. The electrical train-
ng was performed by the following procedure: ﬁrst, a negative
oltage of 12 V at 5 kHz, which corresponds to an electric ﬁeld of
480 kV/cm, was repeatedly applied to the samples to realize the
P state. Then, the samples in the −P state were heated at 200 ◦C
or 30 min  in air. The detailed process and the effects of the electri-
al training will be discussed elsewhere. Unlike the BFO capacitors,
heir as-annealed BFMO capacitors show a typical (symmetric) P–E
ysteresis loop, and therefore the electrical training was not per-
ormed for the BFMO ones.
The P–E and I–V properties were measured at 25 ◦C by using a
erroelectric testing system (Toyo Corporation; Model 6252 Rev. B).
efore the I–V measurements, poling treatments were performed
or the samples by applying a positive or negative voltage of 12 V
t 5 kHz to achieve the initial polarization state of +P or −P. Current
ensity (J) obtained from I was shown throughout, while electric
eld (E) or V was used properly based on the underlying basis. To
nvestigate the conduction mechanism, we applied several conduc-
ion models for the J–V data obtained.
. Results and discussion
.1. P–E and J–E properties
Fig. 1(a) shows a reciprocal space map  in the q110–q001 plane
bserved for the BFMO capacitors. The BFMO ﬁlm is conﬁrmed
o be epitaxially grown on the (1 0 0) STO substrate. In addition
o the fundamental reﬂections, superlattice reﬂections, such as
/2 1/2 3/2, can be observed as indicated in the inset of Fig. 1(a).
he measurements of the –2 scan (not shown) lead to a d001 of
.401 nm for the BFMO ﬁlm, which is longer than that of bulk BFMO
d001 = 0.395 nm). In addition, the q110 value of BFMO is close to
hat of the STO substrate [see, Fig. 1(a)]. These results indicate that
he BFMO ﬁlm is under compressive strain owing to the epitaxial
rowth from the STO substrate.
Fig. 1(b) and (c) shows the P–E properties after the annealing at
50 ◦C for 1 h. The capacitors exhibit typical P–E hysteresis loops
nd the values of Pr are estimated to be 82 C/cm2 for the BFO ﬁlmmic Societies 3 (2015) 426–431 427
and 84 C/cm2 for the BFMO one. This result demonstrates that the
Mn  doping up to 10% does not have a signiﬁcant inﬂuence on Ps as
reported in Ref. [36].
Fig. 2(a) and (b) shows the J–E properties of the BFO capacitors in
+P and −P states with |V| ≤ 1.2 V, where an asymmetry is marked.
The J–E data of the BFMO capacitors in +P and −P states are also
plotted in Fig. 2(c) and (d). For the BFO capacitors in +P [Fig. 2(a)], a
high J was observed under a positive ﬁeld (+E) whereas the J values
are suppressed under a negative ﬁeld (−E). In the −P state [Fig. 2(b)],
a high J is seen under −E while the J data are decreased under +E.
These characteristic J–E properties indicate that the BFO capacitors
show a ‘diode’ effect and that the diode polarity can be switched
by the reversal of Ps. The BFO capacitors are in forward bias with E
parallel to the net polarization while in reverse bias with E opposite
to it. In contrast, as shown in Fig. 2(c) and (d), the J–E curves of the
BFMO capacitors are affected neither by the polarization state nor
the direction of E. These results demonstrate that the switchable
diode effect can be observed only for the BFO capacitors whereas it
disappeared in the BFMO ones.
3.2. Leakage current models
The models of leakage current in ferroelectric materials with a
relatively large thickness can be classiﬁed into the following three
types: the thermionic emission, the Poole–Frenkel emission, and
the space-charge limited current (SCLC). The thermionic emission
is due to an interface-limited conduction while the Poole–Frenkel
emission and the SCLC are categorized into a bulk-limited
conduction.
For the thermionic emission model, the J–V characteristic under
forward bias is expressed by J ∝ exp(qV/kT), where T is the tem-
perature, k is the Boltzmann constant, q is the charge of carrier,
and  is the ideality factor. The value of  can be obtained from the
slope of the ln J vs. V plot.  should be in the range of 1–2 for typ-
ical metal–semiconductor contacts dominated by the thermionic
emission.
The Poole–Frenkel emission is a conduction governed by an
intersite hopping of charge carriers between the traps with local-
ized states [37]. The conductivity () obeys the following equation:
 = J
E
= Cexp
[
− EI
kT
+ 1
kT
(
q3
ε0εop
E
)0.5]
, (1)
where C is a constant, EI is the trap ionization energy, ε0 is the
permittivity of vacuum, and εop is the optical dielectric constant.
The Poole–Frenkel emission provides the relation of ln() ∝ E0.5 and
the slope of ln() vs. E0.5 leads to εop of the material.
For ferroelectrics with deep traps, the SCLC model provides
the J–V relation with an ohmic behavior, J ∝ V, at low voltages.
In this ohmic region, thermally generated carriers are predomi-
nant over the injected charge carriers from the electrode. In the
middle V region, the traps begin to be ﬁlled with the injected car-
riers. In this trap-ﬁlled-limited (TFL) region, a relationship of J ∝ Vn
(n > 2) is often seen. With further increasing V, the injected carri-
ers exceed the thermally generated carriers, and then the current
density rises sharply. Theoretically, a critical voltage (Vcr) where J
begins to show the J ∝ Vn (n > 2) relation is approximately expressed
by
Vcr ≈
ent,0w2m
2ε0εst
, (2)
where nt,0 denotes unoccupied trap concentration; wm,
the material thickness, and εst, static dielectric constant
[38].
Typically, under a sufﬁciently high E where the traps are
completely ﬁlled with the injected carriers, the current density
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ata of (b) and (c) have reported in Ref. [36].
beys Child’s law (J ∝ V2) and the carriers behave as if they were
n a trap-free state. The current density in the Child’s-law region is
xpressed by
 = 9ε0εstV
2
8w3m
, (3)
here  denotes the mobility of the charge carriers and V, the
xternal voltage. It has been reported that a relation of J ∝ V3
an be sometimes observed in a high V region instead of typical
hild’s-law (J ∝ V2)[39,40]. The details will be discussed later.
.3. Leakage currents in the BFO capacitorsFirst, we verify the thermionic emission model. The ln J vs. V
lots in the (+P, +E) [Fig. 3(a)] and (−P, −E) (not shown) states yield
 values of 4.9 and 4.8, respectively. Considering that  should be
n the range of 1–2 for typical metal–semiconductor contacts, we
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Fig. 2. J–E properties of the BFO and BFMO capacitors: (a) BFO in the +P state and polarization properties of the (b) BFO and (c) BFMO ﬁlms.
think that this interface-limited thermionic emission model is not
appropriate for our BFO capacitors.
Secondly, we  examine the Poole–Frenkel (PF) emission model
from the ln(J/E) vs. E0.5 relation. The PF plot in the (+P,  +E) state
yields a strong nonlinearity, as shown in Fig. 3(b). Regardless of the
polarization and bias states, we conﬁrm that the linear ln(J/E) vs.
E0.5 relation is not satisﬁed. These results force us to consider that
the PF emission model is not suitable for the BFO capacitors.
Thirdly, we investigate the SCLC conduction. In Fig. 4(a)–(d) we
display the SCLC plots, i.e., log |J| vs. log |V|, for the BFO capacitors
in various polarization and bias states. In the all states, we obtain
a slope (n) of approximately one in the low V region where the
ohmic conduction is dominant. In the forward bias, as shown in
Fig. 4(a) [(+P, +E)] and (d) [(−P, −E)], we found n = 5.2 and 4.1 in the
middle-V region, respectively. In this middle-V region with such
a high n, the traps inside the material begin to be ﬁlled with the
injected carriers. Then, a region with n ∼ 3 emerges at much higher
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elds. The n = 3 region can be explained by an SCLC transport taking
ccount of the effects of carrier diffusion [39], a ﬁnite life-time of
njected charge carriers [40], and/or double injection [41]. All of the
eakage properties observed in the forward bias can be reasonably
xplained by the SCLC conduction.
In the reverse bias, as plotted in Fig. 4(b) [(+P, −E)] and (c) [(−P,
E)], the ohmic conduction (n ≈ 1) is clearly seen, as in the forward
ias. In addition, a nonlinear J–V relation with n > 1 was also found
t higher electric ﬁelds. In the reverse bias, we  cannot evaluate
eakage currents in the higher V region, because the polarization
tates are destroyed by applying electric ﬁelds. The existence of
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the ohmic region and the following nonlinear character observed
in the reverse bias can also be explained by the SCLC conduction.
As described above, the thermionic emission and the PF emis-
sion models do not provide a rational explanation for the observed
J–V data. In both the forward and reverse biases, the ohmic con-
duction does appear in the low-V region. In addition, the nonlinear
J–V relations observed in the high-V regions can be reasonably
explained only by the SCLC conduction. These results lead to the
conclusion that the SCLC conduction model is most appropriate for
the BFO capacitors.
It is noteworthy that Vcr where J begins to show a steep increase
is depending on the bias state. The value of Vcr in the forward
bias [(+P, +E) and (−P, −E)] is calculated to be ∼0.3 V while that
in the reverse bias [(+P, −E) and (−P, +E)] is much higher (∼0.7 V).
Because of the difference in Vcr, leakage currents in the forward bias
are much high compared with that in the reverse bias at |V| > 0.3 V
even though comparable leakage currents were found in the ohmic
region of |V| < 0.3 V. Based on these results, we conclude that the
feature of Vcr depending on the polarization and bias states results
in the diode effect observed in the BFO capacitors.
3.4. Leakage currents in the BFMO capacitors
Fig. 5(a) and (b) represents the SCLC plots for the BFMO capaci-
tors in (+P, +E) and (+P,  −E), which correspond to the measurement
conditions in the forward and reverse biases for the BFO capacitors,
respectively. Unlike the BFO capacitors, n remains one throughout
the entire V region in both (+P, +E) and (+P, −E). The similar conduc-
tion behavior of n ∼ 1 was  observed in the −P state for the BFMO
capacitors regardless of the direction of E. These results show that
the BFMO capacitors have the ohmic conduction even under a high
V irrespective of the polarization and bias states.
In our previous works for the BFO capacitors with SRO elec-
trodes, it has been suggested that the Schottky contact is formed at
the SRO/BFO interfaces. The width of a depletion layer and a Schot-from ferroelectric polarization [22,42]. For the SCLC conduction in
capacitors with the Schottky contacts, the conduction behavior is
considered to be governed by the depletion layer adjacent to the
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etal–semiconductor interface, because a carrier concentration
n the depletion layer is much lower than that in the other bulk
egion [43]. In this case, the value of wm in Eq. (2) should be
eplaced by the depletion layer width (w). Since our BFO ﬁlms have
-type conduction owing to Bi vacancy as reported in Ref. [35],
he top SRO/BFO interface in +P has a band bending, as depicted in
ig. 6(a). In the BFO capacitors in +P, w of the top SRO/BFO interface
xtends because of the positive ferroelectric polarization charge
hereas that of the bottom interface is markedly reduced by the
egative ferroelectric polarization charge. The overall conduction
roperties are dominated by the depletion layer formed in the top
nterface. Since w of the top SRO/BFO interface is reduced under
E, Vcr shifts to a lower voltage according to Eq. (2). On the other
and, under −E, Vcr is increased because the application of −E
idens the top depletion layer. As a result, Vcr varies depending
n the direction of E (+E  or −E). In the −P state, the polarity of the
iode effect is switched by the reversal of Ps.
ig. 6. Schematics of the band bending in the top interface of the capacitors in +P
tate: (a) SRO/BFO and (b) SRO/BFMO.mic Societies 3 (2015) 426–431
For the electronic structures of BFMO, our density functional
theory (DFT) calculations suggest that the half-occupied gap states
constructed by the Mn-3d orbital are formed in the band gap of BFO
and that the gap states are located at about 0.8 eV from the valence
band maximum. This result indicates that the gap states formed by
the Mn doping can act as deep acceptors. In metal–semiconductor
junctions, the depletion layer width w can be expressed by
w =
√
2ε0εst(V + Vbi)
qNA
, (4)
where εst denotes static dielectric constant; Vbi, built-in poten-
tial; NA, concentration of acceptor. For the factors affecting Vbi
in metal–ferroelectric junctions, the polarization charge derived
from Ps in addition to a difference in work functions should be
included. Since the doping of acceptor with a higher concen-
tration leads to a reduction of w as indicated in Eq. (4), the
doping of Mn  with 10% on the Fe site in BFO markedly reduces
w in the vicinity of the SRO/BFO interfaces. We  note that a
decrease in work function of BFO by the Mn-doping can also
contribute to the reduction of w. The schematic of the expected
band bending in the BFMO capacitors is displayed in Fig. 6(b).
The detailed electronic structure of BFMO will be discussed else-
where.
We think that the concentration of the traps in BFMO is sev-
eral orders of magnitude higher than that in BFO. The w value
in the BFMO capacitors therefore remains sufﬁciently small even
when V or Vbi is relatively high. The abundant deep accep-
tor traps originating from the Mn-d gap states leads to the
ohmic contact at the SRO/BFMO interface, and then the ohmic
conduction is dominant throughout our experimental condi-
tion irrespective of the polarization states. In contrast, the BFO
capacitors showing the SCLC conduction present the switchable
diode effect as a result of the Vcr shift. These results indicate
that the shift of Vcr arising from the polarization reversal is
responsible for the switchable diode effect in the BFO capaci-
tors.
These results suggest that a control of the acceptor concentra-
tion in a low Mn-content region enables us to vary the depletion
layer width and therefore tune the Vcr value. There is a possibility
that designing the diode property of the BFO-based ReRAMs can be
realized through a dilute Mn  doping. Since the concentration of the
traps in BFO is not easy to be determined and is sensitive to prepa-
ration conditions, a precise control of Mn  content in the BFO ﬁlm is
required for realizing the tuning of the diode property in BFO-based
devices, which will be studied in near future.
4. Summary
The electrical conduction properties of the BFO and BFMO thin-
ﬁlm capacitors are investigated. The detailed analysis of the J–V data
reveals that the SCLC mechanism dominates the conduction prop-
erties of the BFO capacitors whereas the BFMO capacitors exhibit
only an ohmic behavior even under high electric ﬁelds. We  found
that the switchable diode effect observed for the BFO capacitors
originates from a shift of critical voltage (Vcr). This Vcr shift can be
explained by an asymmetric band modulation in the depletion layer
adjacent to the SRO/BFO interface caused by the ferroelectric polar-
ization. The Mn  doping is revealed to decrease the depletion layer
width as a result of the formation of acceptor levels in the band
gap of BFO. These results imply that a dilute Mn  doping can control
the diode property in the BFO thin-ﬁlm capacitors. Controlling the
diode property by the dilute Mn  doping is expected to be applicable
to the development of ReRAMs using BFO-based devices.
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